The use of a flow discharge measuring device in irrigated areas is the key to utilizing water in a planned and scientific manner and to developing water-saving irrigation techniques. In this study, a new type of flow discharge measuring device for a U-channel-a plate flowmeter-was designed, and then the hydraulic characteristics of the flow discharge measurement process using the plate flowmeter were simulated and experimentally verified by adopting an RNG (Renormalization Group) k-ε turbulence model based on Flow-3D software. The results showed that in the process of measuring flow discharge with the plate flowmeter, the transverse flow velocity, the vertical flow velocity, and the relationship between the measured flow discharge and the deflection angle of the angle-measuring plate were basically consistent with the experimental results. The maximum relative errors were 5.3%, 6.2%, and 6.8% respectively, proving that it was feasible to use Flow-3D software to simulate the hydraulic characteristics of the flow discharge measurement process using the plate flowmeter. The vertical flow velocities at the center of the upstream section of the channel increased gradually from the bottom of the channel to the free water surface. The vertical flow velocities at the center of the downstream section of the channel first increased and then decreased from the bottom of the channel to the free water surface, and the maximum vertical flow velocity was located at a position below the free water surface. The maximum range of influence of the plate flowmeter on the flow disturbance in the channel was from 0.75 m upstream to 1.24 m downstream of the plate flowmeter. These results can provide a theoretical basis for optimizing the structural parameters of a plate flowmeter.
Introduction
With rapid socioeconomic development, the contrast between available water supply and demand has become larger. This increasing contrast has become one of the main bottlenecks restricting large-scale development. As a major water user, agriculture requires advances in water-saving irrigation technology to save water resources [1, 2] . The implementation of precise irrigation methods to improve irrigation efficiency is a popular strategy for increasing sustainable agricultural development. However, the primary basis for implementing precise irrigation is to measure water use more accurately in irrigated areas. The use of flow discharge measuring technology for measuring irrigation is a key technical strategy in better utilizing water in a more planned and scientific manner, and it is also key to better managing irrigated areas and improving water diversion, water transfer, and water allocation [3] . the deflection angle of the angle-measuring plate. In this study, the hydraulic characteristics of the flow discharge measurement process using the plate flowmeter were investigated in order to optimize the structural parameters of the plate flowmeter, improve the accuracy of water measurement in U-channels, and promote efficient water usage in irrigated areas.
The structure of the plate flowmeter is composed of leveling knobs, a level, an ultrasonic probe, a power and signal processing module, an angle sensor, a capacitive touch screen, a scalable steel frame, and an angle-measuring plate. The leveling knobs were used to adjust the device so that it was placed horizontally on both sides of the channel. The level was used to assist leveling by observing the position of bubbles. The ultrasonic probes were used to detect the upstream and downstream water level of the channel, and the channel bottom slope was obtained through calculations. The power and signal processing module supplied power to the whole device and converted, processed, and output the collected signals to the display device. The angle sensor was used to measure the angle between the angle-measuring plate and the vertical direction when swinging in the water. The capacitive touch screen was used to input the parameters of the angle-measuring plate and output the current swing angle of the angle-measuring plate and the flow discharge in the channel. The scalable steel frame was used to adjust the flow-measuring device across the center of the channel. The angle-measuring plate was a smooth rectangular stainless steel sheet (the stiffness met the test requirements) that was located at the center of the channel cross-section. When the water flowed through, the angle between the angle-measuring plate and the cross-section was formed and recorded by the angle sensor. The schematic diagram of the plate flowmeter is shown in Figure 1 .
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Methods

Mathematical Model Setup
Fluid Domain Governing Equations
For the plate flowmeter, the flow in the U-channel is incompressible in the flow discharge measurement process. In this paper, Flow-3D software and the RNG k-ε model were used to calculate the hydraulic characteristics of the water flow in the U-channel during flow discharge measurement with the plate flowmeter. In the rectangular coordinate system, the governing equations and the turbulence models are as follows. 
Methods
Mathematical Model Setup
Fluid Domain Governing Equations
The momentum equation is
The turbulent kinetic energy equation (k-equation) is
The turbulent dissipation rate equation (ε-equation) is
where ρ is the density of the fluid; t is time; p is the pressure of the fluid; µ is the hydrodynamic viscosity coefficient; S u , S v , and S w are generalized source terms in the momentum conservation equation; u i and u j (i = 1, 2, 3; j = 1, 2, 3) are the fluid velocity components; G k represents the turbulent kinetic energy generation term, which is caused by the average velocity gradient; ε represents the fluid turbulence dissipation rate; and C 1ε and C 2ε are the turbulence model coefficients (C 1ε = 1.44, C 2ε = 1.92).
Solid Domain Governing Equations
In this paper, the structural dynamics equation in the GMO (General Moving Objects) model was used to solve the motion form of the plate flowmeter. The GMO model allowed the solid domain to be coupled to the fluid domain or to move in a specified manner. The plate flowmeter studied in this paper is a rigid structure. Therefore, when the angle-measuring plate was subjected to the flow in the channel during the flow discharge measurement with the plate flowmeter, its shape and size and the relative position of the internal points did not change. The structural coupling characteristics of the plate flowmeter were mainly reflected in the instantaneous displacement and instantaneous velocity of the angle-measuring plate, which produced a rotary motion under the action of the flow. Rigid motion equations can solve for the rotational velocity and displacement of the angle-measuring plate during flow discharge measurements with a plate flowmeter. The rigid motion equation [28] can be expressed as
where m e is the quality of the angle-measuring plate (kg); F e is the resultant force on the angle-measuring plate (N); V e is the instantaneous velocity of the angle-measuring plate (m·s −1 ); M e is the instantaneous moment of the angle-measuring plate (N·m); [J] is the matrix of the instantaneous rotational inertia of the angle-measuring plate; and ω e is the instantaneous angular velocity of the angle-measuring plate (rad·s −1 ). The rotational inertia matrix can be expressed as
where J xx , J yy , and J zz are the rotational inertia of the angle-measuring plate against the x, y, and z axes, respectively (kg·m 2 ); J xy and J yx are the products of inertia of the angle-measuring plate against the x and y axes, respectively (kg·m 2 ); J xz and J zx are the products of inertia of the angle-measuring plate against the x and z axes, respectively (kg·m 2 ); and J yz and J zy are the product of inertia of the angle-measuring plate against the y and z axes, respectively (kg·m 2 ). In Equation (6), the relevant parameters can be expressed as
where
Newmark's predictor-corrector implicit time integration algorithm was used to solve the rigid motion equation [29] . In the coupling interface between the fluid and solid domains of the angle-measuring plate in the channel, the coupling variables between the instantaneous displacement and the instantaneous stress of the fluid domain and the solid domain should be equal or conserved. The governing equation for the coupling variables can be expressed as
where τ and r are the instantaneous stress and instantaneous displacement at the coupling interface, respectively; n s is the normal vector; f is the fluid domain; and b is the solid domain.
Model Establishment
The modeling system in this paper consisted of four parts: an inlet flow stabilizing device, a channel testing device, a tail-water outflow device, and a plate flowmeter.
The Inlet Flow Stabilizing Device
The main function of the inlet flow stabilizing device was to stabilize the flow pattern of water in the U-channel. In this study, the length, height, and width of the inlet flow stabilizing device were designed to be 1.0 m, 0.98 m, and 0.7 m, respectively. Seven pipes of the same diameter, with an inner diameter of 10 cm, were arranged upstream but close to the device to supply water to the U-channel. A schematic diagram of the inlet flow stabilizing device is shown in Figure 2a . 
Tail-Water Outflow Device
The purpose of the tail-water outflow device was to provide an outlet for the flow. In this study, the length, width, and height of the tail-water outflow device were designed to be 2.0 m, 0.98 m, and 0.7 m, respectively. A schematic diagram of the tail-water outflow device is shown in Figure  2b . 
Channel Testing Device
Tail-Water Outflow Device
The purpose of the tail-water outflow device was to provide an outlet for the flow. In this study, the length, width, and height of the tail-water outflow device were designed to be 2.0 m, 0.98 m, and 0.7 m, respectively. A schematic diagram of the tail-water outflow device is shown in Figure 2b .
Channel Testing Device
The channel selected in this study was a D50 U-channel with a depth of 0.5 m, a bottom arc radius of 0.25 mm, a central angle of the bottom arc of 163 • , an inclination angle of 8.5 • , a top width of 0.58 m, and a length of 13 m. The channel section was composed of two parts: an arc shape at the bottom and an isosceles trapezoid at the top. A schematic diagram of the channel testing device is shown in Figure 2c .
Plate Flowmeter
A schematic diagram of the plate flowmeter is shown in Figure 1 .
Mesh Generation
Considering the complexity of the structure of the model, a combined structured and unstructured grid generation method was adopted in this paper. For grid division, an unstructured grid was used for the area around the plate flowmeter, and a structured grid was used for the area outside the plate flowmeter. The maximum grid size of the structured grid was 4 mm, and that of the unstructured grid was 1 mm. A schematic diagram of mesh generation is shown in Figure 3 . 
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Plate Flowmeter
Mesh Generation
Definite Conditions Boundary Conditions: Inlet and Outlet Boundaries
In this study, the flow was set as the inlet boundary and the free flow boundary as the exit boundary.
Initial Conditions
The initial time was t = 0, at which point there was no fluid in the U-channel, and the channel was at atmospheric pressure. The angle-measuring plate was perpendicular to the water 
Definite Conditions Boundary Conditions: Inlet and Outlet Boundaries
In this study, the flow was set as the inlet boundary and the free flow boundary as the exit boundary. 
Initial Conditions
The initial time was t = 0, at which point there was no fluid in the U-channel, and the channel was at atmospheric pressure. The angle-measuring plate was perpendicular to the water cross-section of the U-channel, and the angular velocity (ω) of the angle-measuring plate was zero.
Fluid-Solid Coupling Algorithm
Using the initial state of the plate flowmeter as the initial boundary condition of the fluid domain, the Reynolds time-averaged momentum equation and the turbulence model were used to solve for the hydrodynamic load in the fluid domain, and the fluid domain load was loaded into the solid domain through the coupling interface. The structural dynamic equation in the GMO model was used to solve for the structural response of the plate flowmeter, and its rotational angular velocity and deflection angle were calculated. The rotational angular velocity and the deflection angle of the angle-measuring plate were transmitted back to the boundary of the plate flowmeter in the flow field through the coupling interface. The changed boundary of the plate flowmeter was used as the boundary condition to solve for the next time in the fluid domain, and the hydrodynamic load was recalculated. A coupling iteration was completed through the process described above. The solution process described above was repeated until the maximum value of the deflection angle of the angle-measuring plate was reached.
Experimental System Setup
In order to verify the reliability of the Flow-3D numerical simulation results, an experimental study was conducted of the hydraulic characteristics during measurement with the plate flowmeter in the U-channel. This test system was mainly composed of four parts: a water supply device, flow discharge control device, conveyance channel, and recession flow device [30] [31] [32] . The water supply device included both a centrifugal pump and an inlet tank. The inlet tank was connected to the U-channel. In order to ensure steady flow into the U-channel, the steady flow device was installed at the outlet of the inlet tank. The flow discharge control device was composed of a regulating valve and an electromagnetic flowmeter. The accuracy of the electromagnetic flow meter was 0.2%. The conveyance channel was the D50 U-channel with a slope of 1/2000 and a total length of 13 m. The plate flowmeter was installed about 6.5 m away from the channel inlet. The length, width, and thickness of the angle-measuring plate were 50 cm, 5 cm, and 1 mm respectively, and it was joined at the top with the connecting shaft. The schematic diagram of the D50 U-channel section is shown in Figure 4 . The recession flow device was composed of a recession flow pool and a channel. The end of the U-channel was connected to the recession flow channel. The water flowed into the recession flow pool through the recession flow channel and into the underground reservoir through the recession flow outlet, forming a circulation system. During the test, the flow velocity was measured with a propeller type velocimeter. The experimental system is shown in Figure 5 . 
Model Validation and Results Analysis
Flow Velocity Characteristics in the Channel during Flow Discharge Measurements with the Plate Flowmeter
Sections for measurement were selected 0.5 m away from the plate flowmeter both upstream and downstream in the channel. When the flow discharge (Q) in the U-channel was 250 m 3 /h, the flow velocity characteristics were studied during flow measurement with the plate flowmeter. Figure 6 shows the transverse flow velocity distribution of the free water surface in the U-channel during the period of the experiment. and downstream in the channel. When the flow discharge (Q) in the U-channel was 250 m 3 /h, the flow velocity characteristics were studied during flow measurement with the plate flowmeter.
Transverse Flow Velocity Distribution of the Free Water Surface in the U-Channel
3.1.1. Transverse Flow Velocity Distribution of the Free Water Surface in the U-Channel Figure 6 shows the transverse flow velocity distribution of the free water surface in the U-channel during the period of the experiment. During flow measurement with the plate flowmeter, the transverse flow velocity of the free water surface in the sections of the channel upstream and downstream of the plate flowmeter decreased gradually along the channel center near the wall region, and the transverse flow velocity in the center of the channel was the largest. Figure 7 shows the vertical flow velocity distribution at the center of the channel section. During flow discharge measurements, the vertical flow velocity at the center of the section of the channel upstream from the plate flowmeter showed a gradually increasing trend along the bottom of the channel to the free liquid level. This showed that the plate flowmeter had little influence on the upstream vertical flow velocity. However, the downstream vertical flow velocity at the center of the channel first increased and then decreased from the bottom of the channel to the free liquid level. This indicated that the existence of the plate flowmeter changed the downstream vertical flow velocity distribution. The maximum vertical flow velocity was not located at the free liquid surface, but under it. Figure 6 shows the transverse flow velocity distribution of the free water surface in the U-channel during the period of the experiment. During flow measurement with the plate flowmeter, the transverse flow velocity of the free water surface in the sections of the channel upstream and downstream of the plate flowmeter decreased gradually along the channel center near the wall region, and the transverse flow velocity in the center of the channel was the largest. Figures 6 and 7 show that during flow discharge measurement, the simulated transverse flow velocity and vertical flow velocity were basically consistent with the test results, with maximum relative errors of 5.3% and 6.2%, respectively, confirming that the flow velocity distribution in the flow discharge measurement process of the plate flowmeter simulated by Flow-3D software was feasible. Figure 8 shows the relationship between the deflection angle of the angle-measuring plate and the flow discharge. As can be seen, during flow measurement, the deflection angle of the angle-measuring plate increased with the flow discharge in the U-channel, and the simulated results were basically consistent with the test results The maximum relative error did not exceed 6.8%, which proved that the relationship between the flow discharge from the channel and the deflection angle of the angle-measuring plate, as analyzed through numerical simulations, was feasible. Figures 6 and 7 show that during flow discharge measurement, the simulated transverse flow velocity and vertical flow velocity were basically consistent with the test results, with maximum relative errors of 5.3% and 6.2%, respectively, confirming that the flow velocity distribution in the flow discharge measurement process of the plate flowmeter simulated by Flow-3D software was feasible. Figure 8 shows the relationship between the deflection angle of the angle-measuring plate and the flow discharge. As can be seen, during flow measurement, the deflection angle of the angle-measuring plate increased with the flow discharge in the U-channel, and the simulated results were basically consistent with the test results The maximum relative error did not exceed 6.8%, which proved that the relationship between the flow discharge from the channel and the deflection angle of the angle-measuring plate, as analyzed through numerical simulations, was feasible. (1) Under the same channel slope conditions, the increase in flow discharge in the U-channel led to an increase in the transverse flow area of the fluid. It can be seen from the above figure that the water level upstream of the plate flowmeter gradually increased, varying from 0.02 m to 0.31 m. The main reason was that the plate flowmeter swung downstream under the action of the flow, which caused a velocity wave inside the flow field. However, the wave velocity generated by the flow wave was very small compared to that that was upstream in the channel, and the disturbance wave did not spread upstream. The flow in the upstream area could be (1) Under the same channel slope conditions, the increase in flow discharge in the U-channel led to an increase in the transverse flow area of the fluid. It can be seen from the above figure that the water level upstream of the plate flowmeter gradually increased, varying from 0.02 m to 0.31 m. The main reason was that the plate flowmeter swung downstream under the action of the flow, which caused a velocity wave inside the flow field. However, the wave velocity generated by the flow wave was very small compared to that that was upstream in the channel, and the disturbance wave did not spread upstream. the angle-measuring plate swung downstream and remained in that position, which reduced the influence of the plate flowmeter on the upstream flow field. According to the experimental observations, the angle-measuring plate was located near the water surface under the flow action, which reduced the disturbance to the flow field below the water surface and improved the measurement accuracy to a certain extent.
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in the flow velocity near the wall being equal to zero. The farther away this was from the inner wall of the U-channel, the greater the flow velocity. This meant that after installing the plate flowmeter in the U-channel, the flow velocity of the upstream transverse section still showed a symmetrical and uniform distribution; (3) The flow velocity at the center of the water surface of the upstream section decreased in a divergent manner, which conformed to the law of decreasing velocity from the center to both sides of the open channel uniform flow. The main reason was that under the action of the flow, the angle-measuring plate swung downstream and remained in that position, which reduced the influence of the plate flowmeter on the upstream flow field. According to the experimental observations, the angle-measuring plate was located near the water surface under the flow action, which reduced the disturbance to the flow field below the water surface and improved the measurement accuracy to a certain extent. Figure 10 . Figure 10 .
Under the same channel slope conditions, as flow discharge increased, the water level of the downstream transverse section of the channel also gradually increased, and the variation in the amplitude of the water level was basically consistent with that of the upstream section. The flow velocity of the downstream vertical section caused by the plate flowmeter first increased and then decreased from the water surface to the bottom of the channel. The maximum flow velocity was located below the water surface. The flow velocity of the downstream transverse section caused by the plate flow measuring device was greater in the middle and smaller on both sides, decreasing gradually from the center to the inner wall of the channel. The main reason was that the existence of the angle-measuring plate produced a local hydraulic jump in the downstream fluid, and the flow on both sides was also subjected to the viscosity and adsorption of the wall surface, making the flow velocity change, as mentioned above. Under the same channel slope conditions, as flow discharge increased, the water level of the downstream transverse section of the channel also gradually increased, and the variation in the amplitude of the water level was basically consistent with that of the upstream section. The flow velocity of the downstream vertical section caused by the plate flowmeter first increased and then decreased from the water surface to the bottom of the channel. The maximum flow velocity was located below the water surface. The flow velocity of the downstream transverse section caused by the plate flow measuring device was greater in the middle and smaller on both sides, decreasing gradually from the center to the inner wall of the channel. The main reason was that the existence of the angle-measuring plate produced a local hydraulic jump in the downstream fluid, and the flow on both sides was also subjected to the viscosity and adsorption of the wall surface, making the flow velocity change, as mentioned above.
Study of the Range of Influence of the Plate Flowmeter on the Flow
Using the D50 U-channel (with a slope of i = 1/2000) as an example, the distribution of the flow velocity under the influence of the plate flowmeter was analyzed at water discharges (Q) of 150 m 3 /h and 450 m 3 /h. The results are shown in Figure 11 . 
Using the D50 U-channel (with a slope of i = 1/2000) as an example, the distribution of the flow velocity under the influence of the plate flowmeter was analyzed at water discharges (Q) of 150 m 3 /h and 450 m 3 /h. The results are shown in Figure 11 .
The results indicated the following:
(1) The angle-measuring plate swung downstream at a fixed angle under the action of the flow. There was an interaction between the flow and the angle-measuring plate, and the angle-measuring plate was located near the water surface during the flow discharge measurement process and did not disturb the flow below the water surface. A local water jump occurred only in the position where the angle-measuring plate was in contact with the flow, resulting in a slight increase in the water surface line; (2) The angle-measuring plate essentially floated on the water surface, indicating that it was related to the height of the downstream water level, which was related to the flow discharge in the U-channel; (3) The distributions of the flow velocity in the upstream and downstream sections of the plate flowmeter in the U-channel were symmetrical; (4) Water surface waves were generated in the downstream area near the angle-measuring plate.
When water flowed around the angle-measuring plate, there was a local cavity low-pressure area behind the angle-measuring plate. When the pressure inside the liquid dropped below the liquid vapor pressure at the same temperature, a large number of bubbles were formed. The bubbles collapsed when they reached a higher pressure, which transformed the potential energy stored in the bubble into fluid kinetic energy in the smaller volume. When the fluid kinetic energy was transmitted to the angle-measuring plate in the fluid, a pressure pulse was generated on the surface of the angle-measuring plate; (5) The range of influence of the plate flowmeter on the flow in the U-channel was different for different flow discharges. For the flow conditions mentioned above, the maximum range of influence of the plate flowmeter on the flow in the U-channel was between 0.75 m upstream and 1.24 m downstream of the plate flowmeter. This conclusion can provide references for studying the flow discharge measuring performance and hydraulic characteristics of the plate flowmeter.
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Conclusions
We concluded the following:
(1) In the process of measuring flow discharge with the plate flowmeter, the transverse flow velocity, the vertical flow velocity, and the relationship between measured flow discharge and the deflection angle of the angle-measuring plate were simulated using Flow-3D software. The simulation results and test results were compared, and it was found that the simulation results were basically consistent with the experimental results. The maximum relative errors of the transverse flow velocity, the vertical flow velocity, and the relationship between measured flow discharge and the deflection angle of the angle-measuring plate were 5.3%, 6.2%, and 6.8% respectively, proving that it was feasible to use Flow-3D software to simulate the hydraulic characteristics of flow in the process of measuring flow discharge with the plate flowmeter; (2) In the process of measuring flow discharge with the plate flowmeter, the transverse flow velocities of the upstream and downstream free water surface decreased gradually from the center of the channel to the side wall of the channel. From the water surface to the bottom of the channel, the vertical flow velocity at the center of the upstream section of the channel decreased gradually. However, the vertical flow velocity at the center of the downstream section of the channel first increased and then decreased, and the maximum flow velocity was below the water surface;
